The G protein-regulated inward rectifying potassium (GIRK) channel and G protein signal transduction pathway regulates many crucial physiological responses such as cardiac rate and synaptic transmission via neurotransmitters, hormones and sensory stimuli. The duration and intensity of the signal are dependent on the receptor activation of the heterotrimeric G protein complex. The modulation of GIRK channels is due to a membranedelimited pathway (Sakmann et al. 1983; Soejima & Noma, 1984) . Recent work supports the idea that released Gâã subunits mediate the activation of potassium channels (Breitwieser & Szabo, 1985; Pfaffinger et al. 1985; Logothetis et al. 1987; Reuveny et al. 1994; Wickman et al. 1994; Kofuji et al. 1995; Kurachi, 1995; Nair et al. 1995) . Besides the effect of Gâã subunits on channel modulation, it has been shown that in addition PIPµ is necessary for sufficient activation of GIRK channels (Huang et al. 1998; Sui et al. 1998 ).
To date four GIRK subunits (GIRK1-4) have been cloned and identified in mammals. GIRK1 and 4 are found in atrial cells (Dascal et al. 1993; Kubo et al. 1993; Krapivinsky et al. 1995a) , whereas GIRK1, 2, 3 and 4 (Karschin et al. 1996; Iizuka et al. 1997; Murer et al. 1997 ) are expressed in brain. GIRK1 and 2 subunits are likely to form heteromultimers in the mammalian nervous system, because of their overlapping distribution, co-immunoprecipitation and reduced protein levels in GIRK2 null mutant mice and the weaver mice (for review see . However, expression of cloned GIRK2 subunits alone in a heterologous expression system leads to the formation of functional channels, and therefore the occurrence of homomeric GIRK2 channels cannot be excluded Kofuji et al. 1995; Krapivinsky et al. 1995a,b; Lesage et al. 1995; Hedin et al. 1996) . Coexpression of muscarinic receptors and GIRK subunits in Xenopus oocytes results in a variable current amplification following Mµ mAChR stimulation, ranging from 0·5-to 1. The activation of G protein-regulated inward rectifying potassium (GIRK) channels is modulated by G protein-coupled receptors (GPCRs) via the G protein âã subunits and is accelerated by regulators of G protein signalling (RGS) . In the present study we investigated the ratio dependence of receptor-mediated activation and deactivation and the influence of new members of the RGS protein family on GIRK currents by coexpressing the recombinant protein subunits in Xenopus oocytes and further analysis of the whole cell currents. 2. The activation of GIRK channels by the muscarinic acetylcholine receptor Mµ (Mµ mAChR) is strongly dependent on the ratio of receptor to channel in Xenopus oocytes. The increase and on-rate of the amplified current is affected by this ratio. An excess of receptor over channel is necessary for current amplification, while the reverse excess of channel over receptor abolishes the effect. 3. The speed of receptor-mediated activation of GIRK currents is accelerated for a high ratio of receptor to channel, while the time of deactivation is independent of this ratio. 4. Coexpression of RGS2, 5 and 8 accelerates the speed for ACh-mediated activation and deactivation of GIRK1Ï2 and GIRK1Ï4 currents. Thereby the receptorÏchannelÏRGS ratio determines the amount of current amplification. 5. Bordetella pertussis toxin completely abolished ACh-mediated current amplification of GIRK channels coexpressed with or without RGS2. 6. Two single point mutations in the RGS2 protein (RGS2(N109S) and RGS2(L180F)) reduced the acceleration of current amplification after ACh application on GIRK1Ï4 channels compared with RGS2 wild-type protein.
20_fold for amplification and 0·35 to 14 ìA for current increase (Dascal et al. 1993; Kubo et al. 1993; Fidler Lim et al. 1995; Kofuji et al. 1996; Schreibmayer et al. 1996; Doupnik et al. 1997; Kim et al. 1997; Luchian et al. 1997; Saitoh et al. 1997; Slesinger et al. 1997) .
Recently a superfamily of GTPase-activating proteins (GAPs) known as regulators of G protein signalling (RGS proteins) were identified (for reviews see Siderovski et al. 1996; Dohlman & Thorner, 1997; Koelle, 1997; Neer, 1997; Berman & Gilman, 1998) . All RGS members share a 130 amino acid domain which is conserved among vertebrates and invertebrates and responsible for the GTPase activity. These proteins mediate the fast kinetics of GTP hydrolysis for the GiÏo and Gq family and are responsible for up to 100_fold increases in in vivo GTP hydrolysis compared with in vitro biochemical studies (Zerangue & Jan, 1998) . A similar difference was observed in the kinetics of GIRK current amplification after receptor stimulation in Xenopus oocytes compared with neurons or cardiomyocytes. Doupnik et al. (1997) discovered that receptor-stimulated GIRK current kinetics in Chinese hamster ovary cells (CHO) or Xenopus oocytes coexpressing muscarinic Mµ receptor and RGS1, 3 and 4 were accelerated and comparable to the native GIRK currents in atrial myocytes and hippocampal neurons. Similar studies demonstrating the modulation of GIRK channels by RGS8 have been carried out (Saitoh et al. 1997 ). Here we describe the modulation of GIRK activity by three RGS proteins, RGS2, 5 and 8. We demonstrate that the activation kinetics and ACh-mediated current amplification of GIRK channels are dependent on the ratio of expression between the Mµ mAChR, GIRK channel and RGS proteins. Thus these results imply a critical ratio for efficient function between receptor, channel and RGS. In addition oocytes treated with pertussis toxin displayed no ACh-mediated current amplification, suggesting a GáiÏo-mediated event. To ensure that the acceleration effects were mediated by RGS proteins, we introduced two point mutations in the highly conserved GTPase domain and showed a significant decrease in the acceleration of GáiÏo-mediated GIRK channel activation and deactivation.
METHODS

RGS2, 5 and 8 cDNAs
Reverse transcription and PCR amplification were used to clone RGS2, 5 and 8 from mouse brain RNA using the following oligonucleotide primers: for RGS2 sense, 5'-GCTCAAGCTTCGATGCAAAGTGCCATGTTCC-TGGCT-3'; antisense, 5'-GGTGGATCCTCATGTAGCATGGGGCTCCGTGGT-3'; for RGS5 sense, 5'-AGATCTCGAGCTATGTGTAAGGGACTGGCA-GCTCTG-3'; antisense, 5'-CGCGGTACCCTACTTGATTAGCTCCTTATAAAA-3'; for RGS8 sense, 5'-GCTCAAGCTTCGATGGCTGCCTTACTGATGC-CACGC-3'; antisense, 5'-GCAGAATTCCTAGCTGAGCCTCCTCTGGCTTTG-3'.
The entire nucleotide sequence was verified to the mouse RGS2 (GenBank accession no. U67187), mouse RGS5 (GenBank accession no. U67188) or rat RGS8 (GenBank accession no. AB006013) by cDNA sequencing.
Expression of clones and mutagenesis cDNAs encoding GIRK subunits 1, 2 and 4 and RGS2, 5 and 8 were subcloned into pBF1, and Mµ mAChR into pBSK. Plasmids were linearized at the 3' end of the poly(A) stretch. cRNAs were synthesized in vitro with SP6 polymerase for GIRK and RGS and with T7 polymerase for Mµ mAChR using the mMessage mMachine Ambion kits (Ambion, Inc. 
RESULTS
Ratio-dependent activation of GIRK channels
The activation of GIRK channels is most probably mediated by Gâã subunits released from heterotrimeric G proteins after receptor stimulation. However, coexpression of Mµ mAChR and GIRK subunits in Xenopus oocytes resulted in a variable current amplification following Mµ mAChR stimulation (Dascal et al. 1993; Kubo et al. 1993; Fidler Lim et al. 1995; Kofuji et al. 1996; Schreibmayer et al. 1996; Kim et al. 1997; Luchian et al. 1997; Slesinger et al. 1997) . This amplification of current is given by the ratio between the control current and the current after transmitter application at a given potential. Another way to quantify the Gâã subunit effect is to take the difference between the current before and after transmitter application. This value defines the total current increase for a given experiment. To analyse receptor-dependent G protein activation of GIRK channels in Xenopus oocytes, we coexpressed GIRK1Ï4 and Mµ mAChR at various mRNA concentration ratios in Xenopus oocytes and measured the amplification of current as the current increase after a 10 ìÒ ACh application by two-microelectrode voltage clamp. Mean values for control current and current increase are plotted in Fig concentration (1:1). The current amplification was strongly dependent on the receptor concentration, since a 1:5 and 1:10 dilution decreased the elicited current significantly by approximately 80%. No amplification was detected in the absence of Mµ mAChR. The receptor concentration had no effect on the expression of the GIRK channels, since the control currents measured before transmitter application remained the same (Fig. 1B) . To confirm that the receptorÏchannel ratio determines the K¤ current increase, we varied the concentration of GIRK1Ï4 channels at a constant concentration (1:2) of Mµ mAChR ( Fig. 1B and C) . As expected, the control currents decreased accordingly with increasing dilutions of the GIRK1Ï4. Surprisingly, we observed no significant amplification with the highest channel concentration (1 : 1), despite the presence of the receptor. This result suggests that overexpressed GIRK channels can sequester endogenous Gâã subunits and may prevent the formation of heterotrimeric G proteins which are necessary for interaction with the receptor. Successive dilutions of the channel increased currents to a maximal level of about −2 ìA at the 1:10 dilution of channel. A higher dilution of GIRK channels (1:20) produced a significant decrease of the ACh-elicited current suggesting that the amount of activatable channels becomes rate limiting. Collectively, these results indicate that there is an optimal ratio between the Mµ mAChR and the GIRK channel to obtain maximal channel activation.
To investigate whether the ratio between the GIRK subunits 1 and 4 influences the amplified current, a 1:5 dilution of one subunit was combined with a 1:50 dilution of the other subunit and coinjected with a 1:2 dilution of receptor ( Fig. 1B and C ). There were no significant differences in the control current or current increase between these two ratios. However, the control current and current increase were both lower than the 1:20 dilution of both subunits due to the limited amount of one subunit available to assemble active channels ( Fig. 1B and C) .
Ratio-dependent effects on activation and deactivation of GIRK channels
Past studies have demonstrated that the density of receptors influences the GIRK channel activation following receptor stimulation (B unemann et al. 1997; Chuang et al. 1998) . Based on our findings that high levels of GIRK expression drastically reduce G protein-mediated activation, we propose that GIRK channels sequester Gâã proteins within Xenopus oocytes. Thus a high channel concentration should decrease the G protein concentration available to be activated by the receptor. A reduction in the number of available G proteins for activation of GIRK channels and the change in the ratio between receptor and channel should alter the activation time at various concentrations of GIRK channels and a constant level of receptor. In agreement with this hypothesis, we found that ACh-stimulated currents increased faster for low channel concentrations (1:50; ôon = 3·23 ± 0·47 s (n = 7)) compared with high concentrations (1:1; ôon = 6·45 ± 0·33 s (n = 3)) at a constant receptor level (Fig. 2) . The speed of current deactivation was independent of the receptor to channel ratio (Fig. 2C) . Our data show that the time course of current activation is critically influenced by the receptorÏchannel ratio.
Effects of RGS2, 5 and 8 on GIRK1Ï4 and GIRK1Ï2 channel modulation
The family of GIRK channels is composed of four subunits: 1, 2, 3 and 4 . The GIRK1Ï4 combination is found in heart and mediates ACh-dependent effects in the cardiac muscle. Although all four subunits are expressed in brain the functional roles and possible assembly between the members are not very well defined. However, colocalization and immunoprecipitation studies suggest that GIRK1 and 2 are most probably coassembled in the central nervous system and act as a functional unit. Discrepancies between native and recombinant GIRK channel kinetics by receptormediated activation and deactivation could be explained by studies from Doupnik et al. (1997) and Saitoh et al. (1997) .
They demonstrated an acceleration of activation and deactivation by RGS1, 3, 4 and 8 of GIRK1Ï2 and GIRK1Ï4 currents. However, no effects were reported for RGS2 (Doupnik et al. 1997 ) and RGS5. In our studies we analysed the regulation of GIRK channels by RGS2, 5 and 8. To determine the effects of individual RGS members on the kinetics of channel activation and deactivation, we coexpressed the RGS proteins in a 1:1 dilution (unless indicated otherwise) with GIRK1Ï4 and GIRK1Ï2 (each as a 1:10 dilution) and a high concentration (2:1) of Mµ mAChR to ensure sufficient GIRK channel activation (see Fig. 1 ). Surprisingly all RGS proteins, even RGS2, influenced the kinetics of GIRK1Ï4 and GIRK1Ï2 channel amplification (Fig. 3A , B and C and Fig. 3D and E, respectively). The kinetic effects are more pronounced for channel deactivation than for activation. Deactivation time constants for GIRK1Ï4 were reduced from approximately 16·5 to 5·5 s (Fig. 3C) and from 20 to 8 s for GIRK1Ï2 channels coexpressed with RGS (Fig. 3E) . The activation time constants were accelerated from approximately 5·5 to 2·5 s for GIRK1Ï4 (Fig. 3B) and from 3·4 to 2 s for GIRK1Ï2 (Fig. 3D) . The acceleration effects of RGS were reduced by dilution of RGS cRNA ( Fig. 3F and G) . As shown for the 1:50 dilution of RGS2 ôon and ôoff increased significantly from 1·7 to 2·3 s for the activation and from 9 to 16 s for the deactivation. These results indicate that G protein-mediated activation and deactivation of GIRK1Ï4 and GIRK1Ï2 current can be accelerated by RGS2, 5 and 8 in a concentration-dependent manner.
Effects of RGS2, 5 and 8 on receptor-mediated current increase
Previous studies report conflicting results for RGS effects on the control current and current amplification (Doupnik et al. 1997; Saitoh et al. 1997; Chuang et al. 1998; B unemann & Hosey, 1998) . To investigate whether the RGS to channel ratio affects the control current and current increase, we coexpressed the RGS proteins in a 1:1 dilution with a high (1:1 dilution) and a low (1:50 dilution) concentration of GIRK1Ï4 and 1Ï2 channels together with the Mµ mAChR (2:1 dilution). At high concentrations of GIRK channels, RGS had no effects on ACh-elicited current increase (Fig. 4B  and D) . However, the current increase was significantly reduced in the presence of RGS and low concentrations of channel ( Fig. 4B and D) . This effect cannot be due to a change in expression of GIRK channels, since the control currents are comparable ( Fig. 4A and C) . Collectively, an excess of RGS to channel reduced ACh-elicited currents, while equivalent RGS and channel concentrations demonstrated no effect on the current amplification. Figure 3 . Effects of RGS2, 5 and 8 on GIRK1Ï4 and GIRK1Ï2 channel modulation A, comparison of GIRK1Ï4 currents elicited by voltage ramps from −100 to +50 mV before and after application of 10 ìÒ ACh. GIRK1Ï4 (1:10) was coexpressed with Mµ mAChR (1:1) in the presence or absence of different RGS proteins (1:1). Voltage ramps were applied every second. Five ramps of 10 ìÒ ACh were applied for 35 s and then washed out. Recordings were done in a 90 mÒ K¤ solution. B, time constants of current increase after ACh application for GIRK1Ï4 channel (1:1) coexpressed with Mµ mAChR (2:1) and RGS2, 5 and 8 (1:1). In B-G, controls indicate GIRK1Ï4 or GIRK1Ï2 coexpressed with Mµ mAChR in the absence of RGS (open bars); numbers in parentheses indicate the number of oocytes tested. C, time constants of current decrease after ACh removal for GIRK1Ï4 channel (1:1) coexpressed with Mµ mAChR (2:1) and RGS2, 5 and 8 (1:1). D, time constants of current increase after ACh application for GIRK1Ï2 channel (1:1) coexpressed with Mµ mAChR (2:1) and RGS2, 5 and 8 (1:1). E, time constants of current decrease after ACh removal for GIRK1Ï2 channel (1:1) coexpressed with Mµ mAChR (2:1) and RGS2, 5 and 8 (1:1). F, time constants of current increase after ACh application for GIRK1Ï4 channel (1:10) coexpressed with Mµ mAChR (2:1) and RGS2 in a 1:1 or 1:50 dilution. G, time constants of current decrease after ACh removal for GIRK1Ï4 channel (1:10) coexpressed with Mµ mAChR (2:1) and RGS2 in a 1:1 or 1:50 dilution. Time constants for B-G were determined for current increase or decrease at −65 mV. Curves were fitted with a single exponential.
Effects of PTX on control current and receptormediated current increase in the presence of RGS2
Neuronal and biochemical studies show that RGS2 stimulates the GTPase activity of Gáq and GáiÏo (Heximer et al. 1997; Ingi et al. 1998) . In order to demonstrate that current amplification in the absence or presence of RGS2 is mediated by the GáiÏo pathway, we injected 2·5 ng of PTX 30 min prior to recording Xenopus oocytes expressing receptor and channel either with or without RGS2. AChelicited currents were blocked completely by PTX, while the control currents were not significantly affected (Fig. 5A and  B) . These results indicate that ACh-mediated current amplification of GIRK channels in the presence of RGS is mediated by PTX-sensitive G proteins.
Effect of RGS2 point mutations on GIRK1Ï4 channel modulation
The crystal structure of RGS4 complexed with Gái1-GDPAlFÚ¦ identified several interacting amino acids between these two proteins (Tesmer et al. 1997 ). Based on this study Druey & Kehrl (1997) N88S and L159F in RGS4 and abolished both RGS4 binding to Gái1 and GTPase activity in biochemical assays. Alignment of RGS domains between the different RGS proteins revealed that these two amino acids are conserved among the RGS family members (Fig. 6A) . In order to verify the modulation of GIRK channels by RGS, we introduced the two corresponding point mutations into RGS2, RGS2(N109S) and RGS2(L180F), and analysed their effects on the kinetics of amplification for GIRK1Ï4. Both point mutations, RGS2(N109S) and RGS2(L180F), considerably abolished acceleration effects on the deactivation (Fig. 6C) . Effects on the activation were not as pronounced. The acceleration of current increase was significantly reduced for L180F but not for N109S, where the variability of the results did not allow an interpretation of this mutation. However, both point mutations within the RGS2 diminished the kinetic effects of wild-type RGS on G protein-mediated current amplification of GIRK channels indicating a clear role of RGS in GIRK channel regulation.
DISCUSSION
The ratio between receptor, channel and RGS determines the amount of current amplification
The stoichiometry of interaction between G protein-coupled receptors, GIRK channels, G proteins and RGS in neurons and myocardiocytes is unknown. However, we show in this study that the expression of certain amounts of GIRK channels in combination with various receptor concentrations gives rise to different current increases in Xenopus oocytes. More G proteins can be activated at high receptor concentrations, thus more current is elicited. Presumably, dissociated Gâã subunits will bind to the channel and lead to current increase probably by favouring a closed state from which opening of GIRK channels is easier to achieve (Soejima & Noma, 1984; Breitwieser, 1996; Hosoya et al. 1996) . On the other hand, the lower the receptor concentration the fewer G proteins can be activated. Therefore the elicited current is small. Suprisingly, high channel to receptor ratios abolish current increase. A likely explanation is that at a very high channel concentration G proteins could be depleted within the oocytes, since the channels sequester all G proteins. The amount of available G proteins is diminished for coupling to the receptor, and therefore G proteins cannot be activated. Competition for G protein binding is likely, since GIRK channels bind to the Gâã subunit (Huang et al. 1995) . In addition to the ratio dependence of receptor and channel, different ratios between RGS and channel also influence ACh-mediated current amplification. At low channel and high RGS concentrations current amplification is reduced compared with channels not coexpressed with RGS. This effect could be abolished by increasing the amount of channel or decreasing the amount of RGS protein (1:5 dilution) (data not shown). These results imply that the amount of RGS relative to channel can alter current amplification.
A possible explanation for a decrease of amplified currents by RGS2, 5 and 8 could be the GAP activity of the RGS itself. Fast termination of the G protein action could result in a decrease of current amplification without affecting control current. However, ACh-mediated currents are not significantly reduced at higher channel or lower RGS concentrations. Chuang and collegues (Chuang et al. 1998) showed that the coexpression of ì-opioid receptors, RGS4 and GIRK channels in Xenopus oocytes increased the population of G proteins available for receptor-mediated channel activation in the presence of RGS, and the receptor activated more G protein in a given amount of time. Therefore transmitter-amplified currents are not significantly changed in the presence of RGS. Changes in receptormediated GIRK current amplification in the presence of RGS could also not be observed by Doupnik et al. 1997 and Saitoh et al. 1997 ; both groups coexpressed RGS with GIRK channels and receptors in Xenopus oocytes. To date none of the studies have changed the relative ratio of channel and RGS in Xenopus oocytes, so the effects on GAP activity might only be obvious at certain ratios. Since RGS proteins bind to G protein á subunits (Tesmer et al. 1997) , another possibility for the reduction of AChmediated currents could be that RGS competes for G protein binding. High concentrations of RGS would bind up all G protein á subunits leading to a high concentration of free Gâã subunits which should result in an increase in control current and a decrease in current amplification. the presence of RGS. Therefore neither the high GAP activity of RGS nor the competition for G protein binding between GIRK channel and RGS can completely explain the observed reduction in GIRK amplification without affecting the control current. Other mechanisms, for example that GIRK binding to G protein subunits is critical for effective current amplification in the presence of RGS, cannot be excluded. In summary, the results suggest that current amplification can be modulated by the relative expression of each G protein receptor cascade member in the Xenopus oocyte system. The physiological consequence of this result might be that in neurons or heart cells the ratio and stoichiometry of proteins involved in G protein signalling are regulated intracellularly by proteins like PSD95 , which cluster different components of the signal cascade to ensure an efficient stimulation pathway.
RGS2, 5 and 8 accelerate activation and deactivation of GIRK1Ï2 and GIRK1Ï4 channels
The rate of GIRK channel activation and deactivation in neurons and myocardiocytes compared with recombinant expressed channels in Xenopus oocytes revealed differences in kinetics of amplification after receptor stimulation. These differences are most probably due to the expression of RGS proteins in cells expressing fast kinetics for K¤ current amplification. So far the acceleration of K¤ current amplification has been shown for RGS1, 3, 4 and 8. In the present study we demonstrate that RGS2, 5 and 8 accelerate activation and deactivation of GIRK1Ï2 and GIRK1Ï4 current increase elicited by activation of the G proteincoupled receptor Mµ mAChR. Two point mutations in RGS2 revealed a significant decrease in the deactivation time constant compared with the wild-type RGS, thus verifying modulation of GIRK currents by RGS proteins. Acceleration effects on GIRK current activation and deactivation mediated by RGS have been described to influence both the on-rate and the off-rate without affecting the current amplification. As shown by Chuang et al. (1998) and supported by our results RGS accelerates ôon by increasing the G protein trimer concentration and ôoff by increasing the GTPase activity of GáiÏo subunits. The physiological significance of this finding is important for proper regulation of heart rate and synaptic transmision. At a certain ratio of receptorÏchannel and RGS, the response to transmitter release is greatly accelerated without affecting the amount of current flowing through a certain amount of channels, thereby speeding up the signal transmission without diminishing its amplitude.
RGS2 effects on GIRK channel modulation involve Gái/o pathways
This study is the first to report that RGS2 accelerates G protein modulation of GIRK channels. The acceleration effects involve PTX-sensitive G proteins, and can be drastically reduced by point mutations within the RGS2 protein. However, the observed effects with RGS2 are in contradiction with various studies. Doupnik et al. (1997) reported that RGS2 had no effect on GIRK channel modulation. Furthermore, Heximer et al. (1997) identified RGS2 as a selective inhibitor of Gáq, but not GáiÏo function using biochemical assays. No binding to GáiÏo subunits could be detected for histidine-tagged RGS2 protein. There are several explanations for these conflicting results. Initially, we overexpressed RGS2 at a high concentration (2:1 dilution). At this concentration RGS2 drastically reduced the GIRK1Ï4-mediated control current and amplified current by about 95%, but had no appreciable effect on the kinetics of current amplification (data not shown). At this concentration RGS might have non-specific effects, e.g. on intracellular trafficking or channel expression. However, RGS2 in a 1:1 or 1:5 dilution showed the described acceleration effect on GIRK currents (Figs 3, 4, 5 and 6). The overexpression of RGS2 might explain why Doupnik et al. (1997) did not see any effect on GIRK channel modulation. An explanation for the lack of RGS2 binding to G proteins in the biochemical assay (Heximer et al. 1997) could be given by the fact that different NHµ-terminal modifications of Gáz and Gái1 subunits (i.e. palmitoylation, myristoylation and proteolysis) reduce the GAP activities of several RGS proteins (Tu et al. 1997 ). This amino-terminal region of Gá subunits is crucial for RGS protein recognition. Perhaps the modifications of the GáiÏo subunit for recognition of RGS2 were not completely preserved in the biochemical assays. Therefore RGS2 displayed no binding to GáiÏo subunits. In contrast, post-translational modifications may be more conserved in injected oocytes and this is technically a more sensitive assay to detect an effect of RGS on GáiÏo subunits. This explanation and our observed effects of RGS2 are also in agreement with the recently published result that reconstitution of RGS2 in phospholipid vesicles containing Mµ mAChR inhibited Gé-dependent responses in transfected cells (Ingi et al. 1998 ).
There have been many discrepancies on the level of receptor-induced GIRK channel amplification in Xenopus oocytes (Dascal et al. 1993; Kubo et al. 1993; Fidler Lim et al. 1995; Kofuji et al. 1996; Schreibmayer et al. 1996; Doupnik et al. 1997; Kim et al. 1997; Luchian et al. 1997; Saitoh et al. 1997; Slesinger et al. 1997) . We show that this is due to a ratio dependence for GIRK channel amplification between receptor, channel and RGS proteins, involving PTX-sensitive G proteins. Furthermore, we demonstrate the regulation of GIRK channels by RGS2 and 5. The increase in GIRK channel deactivation by RGS was abolished by two point mutations within the conserved RGS domain. Collectively, our results not only show the regulation of GIRK channels by two additonal RGS proteins, RGS2 and 5, but also demonstrate that activation of GIRK channels requires a critical balance between the members of the G protein signalling cascade.
